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(57) ABSTRACT

A wearable device configured to acquire and process electro-
cardiographic measurements, detect lead inversion and cor-
rect the acquired measurements for lead inversion is pro-
vided. In one example, the wearable device can detect lead
inversion by first assessing whether the P-wave of a given
electrocardiographic measurement has a negative amplitude,
and if the P-wave is found to be negative, the device can
determine if the magnitude of the R-wave is smaller than the
maximum of the magnitudes of the S-wave and the Q-wave.
In another example, the device can be put through an enroll-
ment procedure in which electrocardiographic measurements
are taken with the device being worn at known locations on
the body. Once the enrollment procedure is completed, when
the device is being used, any electrocardiographic results
obtained can be compared against the measurements taken
during the enrollment phase, and the location of the device on
the body can be determined.
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FIG. 1
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FIG. 2

FIG. 3A
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FIG. 4
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FIG. 10
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METHOD OF DETECTING THE WEARING
LIMB OF A WEARABLE ELECTRONIC
DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 14/915,218, with an international filing
date of Aug. 26, 2013, which is a National Phase application
under 35 U.S.C. §371 of International Application No. PCT/
US2013/056681, filed Aug. 26, 2013, the contents of which
are hereby incorporated by reference in its entirety for all
intended purposes.

FIELD OF DISCLOSURE

[0002] This relates generally to wearable electrical devices
that have the capability of recording electrocardiographic
signals, and more particularly to detecting and correcting for
inversions in electrocardiographic measurements caused by
wearing the device on varying locations on the human body.

BACKGROUND OF THE DISCLOSURE

[0003] Computing devices such as desktop computers, lap-
top computers, mobile phones, smartphones, watches, tablet
devices and portable multimedia players are popular. These
computing devices can be used for performing a wide variety
of'tasks, from the simple to the most complex. As an example,
some portable computing devices can have electrocardio-
graphic functionality with various kinds or types of electrodes
configured to be worn or attached to identified locations on
the human body for the purpose of making measurements of
the electrical activity of the human heart.

[0004] A portable computing device can be fashioned into
a wearable accessory that can be worn on the body. Examples
of'a wearable device can include a watch, a ring, a pendant, a
brooch, a wrist-band or wrist band, a pendant, a bracelet, etc.
A wearable device can be affixed to a limb of the human body
such as a wrist or ankle, as an example. The wearable device
can be worn on the left or right wrist, or even on the right or
left ankle. Since electrocardiographic measurements can
depend on the electrode’s relative position to the heart being
measured, and since the electrodes can be affixed to the wear-
able device, changing the device’s location from right to left,
or wrist to ankle, can have an impact on the acquired electro-
cardiographic measurements. As an example, wearing the
device on the left wrist vs. wearing the device on the right
wrist can produce electrocardiographic measurements that
are inverted relative to one another.

SUMMARY

[0005] This relates to a wearable device that can determine
the wearing limb of the device, and if the device is being worn
in such a way as to produce inverted electrocardiographic
readings, can then correct the inverted readings in order to
produce electrocardiographic measurements that are consis-
tent for a given pair of limbs of the user. In one example, the
wearable device can detect lead inversion by first assessing
whether the P-wave of a given electrocardiographic measure-
ment has a negative amplitude, and if the P-wave is found to
be negative, the device can determine if the magnitude of the
R-wave is smaller than the maximum of the magnitudes of the
S-wave and the Q-wave. If both of the conditions are true, the
device can determine that the electrocardiographic reading is
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inverted and correct for the inversion. In another example, the
device can be put through an enrollment procedure in which
electrocardiographic measurements are taken with the device
being worn at known locations on the body. Once the enroll-
ment procedure is completed, when the device is being used,
any electrocardiographic results obtained can be compared
against the measurements taken during the enrollment phase,
and the location of the device on the body can be determined.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 illustrates various electrocardiographic lead
configurations according to examples of the disclosure.
[0007] FIG. 2 illustrates an exemplary electrocardio-
graphic measurement according to examples of the disclo-
sure.

[0008] FIG. 3a-3¢ illustrate exemplary -electrocardio-
graphic measurements resulting from lead inversion accord-
ing to examples of the disclosure.

[0009] FIG. 4 illustrates an exemplary wearable device
capable of recording an electrocardiographic measurement
according to examples of the disclosures.

[0010] FIG. 5illustrates an exemplary placement of a wear-
able device on the user according to examples of the disclo-
sure.

[0011] FIG. 6 illustrates another exemplary placement of a
wearable device on the user according to examples of the
disclosure.

[0012] FIG. 7illustrates an exemplary method for detecting
lead inversion and correcting the acquired electrocardio-
graphic measurement according to examples of the disclo-
sure.

[0013] FIG. 8 illustrates additional electrocardiographic
lead configurations according to examples of the disclosure.
[0014] FIG. 9 illustrates another exemplary method for
detecting lead inversion of an electrocardiographic measure-
ment according to examples of the disclosure.

[0015] FIG. 10 illustrates various enrollment phase lead
configurations according to examples of the disclosure.
[0016] FIG. 11 illustrates an exemplary method for deter-
mining lead configuration and inversion according to
examples of the disclosure.

DETAILED DESCRIPTION

[0017] In the following description of examples, reference
is made to the accompanying drawings which form a part
hereof, and in which it is shown by way of illustration specific
examples of the disclosure that can be practiced. It is to be
understood that other examples can be used and structural
changes can be made without departing from the scope of the
examples of this disclosure.

[0018] This relates to a method of detecting lead inversion
and the location of the wearing limb in an electrocardio-
graphic measurement taken by a wearable device, and cor-
recting the acquired measurement if it is determined that lead
inversion has occurred.

[0019] Although examples disclosed herein may be
described and illustrated herein in terms of the wearable
devices, it should be understood that the examples are not so
limited, but are additionally applicable to electrocardio-
graphic measurements taken by non-wearable heart monitors
in which electrodes are placed on the body. Furthermore,
although examples may be described and illustrated herein in
terms of wearable devices that can be worn on the wrists and
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ankles, it should be understood that the examples are also
applicable to wearable devices that can be worn on the hands,
wrists, legs, feet or any other part of the body.

[0020] FIG. 1 illustrates various electrocardiographic lead
configurations according to examples of the disclosure. In
some examples, electrocardiographic electrodes (i.e., sensors
that measure electrical potential at a particular location on the
body) can be placed on a human body in various locations. As
illustrated in FIG. 1, electrocardiographic electrodes can be
placed on the right wrist (from the perspective of the patient)
102, the left wrist 104, or on the left leg 106. Placing the
electrodes in this manner can form what is known in the art as
Einthoven’s triangle. FEinthoven’s triangle can have sides,
108, 110, and 112. Each side of the triangle can represent a
lead configuration for taking an electrocardiographic mea-
surement. For instance, side 108 of the triangle, known in the
art as the Lead I configuration, can represent measuring the
potential difference between the left wrist and the right wrist.
Side 110 of the triangle, known in the art as the Lead II
configuration, can represent measuring the potential differ-
ence between the left leg and the right wrist. Side 112 of the
triangle, known in the art as the Lead III configuration, can
represent measuring the potential difference between the left
leg and the left wrist. By measuring the potential difference
between any two electrodes of the three electrodes, an elec-
trocardiographic measurement can be taken. Each lead con-
figuration can also have two possible ways to produce mea-
surements. For instance, the Lead I configuration 108 can
measure the potential difference between the left wrist (V)
and the right wrist (V). This potential difference can be
expressed as the difference between the voltages measured at
the right wrist and the left wrist, for example, as expressed in
equation 1:

Vi=Vi-Vx (6]

The V; and V potentials can be measured with respect to a
ground electrode, for example, placed on the right leg. The
potential difference between the right wrist and the left wrist
can also be expressed as:

“Vi=Ve- V2 ()]

Equations 1 and 2 thus can be inversions of one another. This
can mean that depending on which electrode is the positive
electrode (i.e., the number being subtracted from) and which
electrode is the negative electrode (i.e., the number being
subtracted), the results can be inverted with respect to one
another.

[0021] The Lead II configuration can measure the potential
difference between the left leg 106 and the right wrist 102.
This potential difference can be expressed as the difference
between the voltages measured at the right wrist and left
ankle, for example, as expressed in equation 3:

VeV Ve ©)
The potential difference between the right wrist and the left
ankle can also be expressed as:

“Vu=Ve-Vr @

Equations 3 and 4 thus can be inversions of one another. This
can mean that depending on which electrode is the positive
electrode and which electrode is the negative electrode, the
results can be inverted with respect to one another.

[0022] The Lead III configuration can measure the poten-
tial difference between the left leg 106 and the left wrist 104.
This potential difference can be expressed as the difference
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between the voltages measured at the left leg and the left
wrist, for example, as expressed in equation 5:

Vir=Ve- V1 )]
“Vur=Vi-Vr (6)

Equations 5 and 6 thus can be inversions of one another. This
can mean that depending on which electrodes is the positive
electrode and which electrode is the negative electrode, the
results can be inverted with respect to one another.

[0023] FIG. 2 illustrates an exemplary electrocardio-
graphic measurement according to examples of the disclo-
sure. In this example, the measurement can be made when the
electrodes are placed in the Lead I configuration, with the
positive electrode on the left wrist and the negative electrode
on the right wrist. The potential difference between the two
electrodes can vary based on electrical signals being pro-
duced by the heart as part of its normal function. Measure-
ment 200 can represent the varying potential between the two
electrodes over one cycle of a heartbeat. For instance, initially
at202, the potential difference can rise and then fall for a brief
duration. This initial rise and fall can correspond to atrial
depolarization of the heart muscle and is known in the art as
a P-wave. At 204, the potential between the two electrodes
can fall for a brief period of time. The fall can correspond to
septal depolarization and is known in the art as a Q-wave. At
206, the potential difference can have a sharp rise. The rise
can correspond to apical depolarization (i.e., when the major-
ity of the ventricle tissue depolarizes) and is known in the art
as an R-wave. At 208, the potential difference can fall. The
fall can correspond to left ventricular depolarization and is
known in the art as an S-wave. Finally at 210, the potential
difference can rise and fall for a brief duration. This final rise
and fall can correspond to ventricular repolarization and is
known in the art as a T-wave.

[0024] FIGS. 3a-3c¢ illustrate exemplary electrocardio-
graphic measurements resulting from lead inversion accord-
ing to examples of the disclosure. In these examples, the
measurement can be made when the electrodes are placed in
the Lead I configuration, with the positive electrode on the
right wrist and the negative electrode on the left wrist. By
placing the electrodes in this configuration, the resulting elec-
trocardiographic measurement can be inverted relative to a
measurement taken with the electrodes oriented as in the
example of FIG. 2. Referring to FIG. 3a, measurement 300
can represent the varying potential between the electrodes
over one cycle of a heartbeat. Since the electrodes are
reversed in reference to the example of FIG. 2, the electro-
cardiographic measurement will be inverted with respect to
the measurement illustrated in FIG. 2. As an example, the
P-wave 202 of FIG. 2 can appear as a decrease in potential
difference illustrated at 302 in FIG. 3a. The P-wave can also
appear to be insignificant (i.e., have a small amplitude) as
shown at 312 of FIG. 3b. In another example, the P-wave can
appear to be bi-phasic as illustrated at 314 of FIG. 3¢. The
R-wave 206 of FIG. 2 can appear as a sharp decrease in
potential difference, illustrated at 306 in FIG. 3. Similar
results can occur for the Q, S, and T waves.

[0025] Leadinversion can create identification issues in the
processing of electrocardiographic measurements. For
instance, referring to FIG. 2, when the electrocardiographic
measurement is processed to identify the P, Q, R, Sand T
waves, an example algorithm can search for the first sharp
increase in potential such as what occurs at 206, and classify
that sharp increase as the R-wave that can correspond to
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apical depolarization and left ventricular depolarization. In
the example of FIG. 2, this classification would most likely be
correct. However, using this same principle to search for the
R-wave in the example of FIG. 3a, the algorithm may
attribute the R-wave to either the potential increase which
occurs at 304, or the potential increase that occurs at 308. As
discussed above, however; the potential increases at 304 and
306 can correspond to the Q-wave and S-wave of the heart
cycle and only appear as potential increases due to the fact
that the positions of the positive electrode and the negative
electrode have been reversed.

[0026] Because of this fact, medical practitioners often
have to take care as to the placement of the positive electrode
and the negative electrode to ensure accurate processing of an
electrocardiographic measurement. However, in some con-
texts, ensuring that the leads are placed in the correct position
in order to prevent lead inversion errors may not be feasible.
[0027] FIG. 4 illustrates an exemplary wearable device
capable of recording an electrocardiographic measurement
according to examples of the disclosures. Wearable device
400 can be worn by a user on the wrist (as pictured) or the
ankle/leg of the user, or any other part of the human body.
Wearable device 400 can be configured to have three electro-
cardiographic electrodes 401, 402, and 403. In the example of
FIG. 4, electrode 402 can act as the positive electrode for the
purpose of measuring the potential difference from electrode
401, which can act as the negative electrode. The potentials at
electrode 401 and 402 can be measured with respect to the
ground electrode 403. Also, in the example of FIG. 4, the
positive electrode 402 and the ground electrode 403 can be
positioned such that they are in direct contact with the wrist
(i.e., on the underside of the wearable device 400), while
electrode 401 can be positioned such that it is not in contact
with any portion of the user’s body as illustrated. In order to
take an electrocardiographic measurement, the user can place
apart ofhis or her body, such as a finger, on the open electrode
(i.e., electrode 401) that is not already in contact with the
user’s body. For instance, the user can place his or her finger
on electrode 401, or can place electrode 401 in contact with
either ankle. Once electrode 401 has made contact with a
portion of the user’s body, an electrocardiographic measure-
ment that measures the potential difference between the por-
tion of the body in contact with electrode 402 and the portion
of the body in contact with electrode 401 can be acquired.
[0028] FIG.5illustrates an exemplary placement of a wear-
able device on the user according to examples of the disclo-
sure. In the example of FIG. 5, the wearable device 502 is
shown as being worn on the left wrist of the user 500. In this
placement, the positive electrode 504 can be on the underside
of'the wearable device 502, with the positive electrode touch-
ing the left wrist of the user. In order to record an electrocar-
diographic measurement, the user 500 can place one of the
right hand fingers 508 on the negative electrode 506. The
device can measure the potential difference between the left
wrist of the user and one of the right hand fingers of the user.
An electrocardiographic measurement obtained in this man-
ner can correspond to the Lead I configuration illustrated in
FIG. 1 at side 108 of Einthoven’s triangle. Since the positive
electrode 504 is placed at the left wrist, while the negative
electrode 506 is being touched by a right hand finger 508,
equation 1 above can be used to characterize the electrocar-
diographic measurement.

[0029] FIG. 6 illustrates another exemplary placement of a
wearable device on the user according to examples of the
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disclosure. In the example of FIG. 6, the wearable device 502
is shown as being worn on the right wrist of the user 600. In
this placement, the positive electrode 604 can be on the under-
side of the wearable device 602 with the electrode touching
the right wrist of the user. In order to record an electrocardio-
graphic measurement, the user 600 can place one of the left
hand fingers 608 on the negative electrode 606. The device
can measure the potential difference between the right wrist
of'the user and the left hand finger of the user. An electrocar-
diographic measurement obtained in this manner can corre-
spond to an inverted Lead I configuration illustrated in FIG. 1
at side 108 of Einthoven’s triangle. Since the positive elec-
trode 604 is placed at the right wrist while the negative elec-
trode 606 is being touched by the left hand finger 608, equa-
tion 2 above can be wused to characterize the
electrocardiographic measurement.

[0030] As discussed above, equations 1 and 2 can be inver-
sions of one another. This can mean that if the user wears the
device on their left wrist, the electrocardiographic measure-
ment can be taken with the P, Q, R, S and T waves detected
correctly. However, if the user wears the device on the right
wrist, the measurement may be inverted and the waves may
not be classified correctly, leading to a deficient measure-
ment. In order to maintain flexibility as to where on the body
the user can wear the device, a method of detecting the wear-
ing limb and correcting for lead inversion can be employed in
order to correct electrocardiographic measurements that have
been inverted as discussed above.

[0031] FIG. 7illustrates an exemplary method for detecting
lead inversion and correcting the acquired electrocardio-
graphic measurement according to examples of the disclo-
sure. In addition to detecting lead inversion, the method
depicted in FIG. 7 can also be used to detect the wearing limb
of the device. Such knowledge may be useful in other bio-
medical applications such as diagnosing peripheral arterial
occlusion disease, peripheral venous disease, and blood pres-
sure as examples. The example of FIG. 7 is illustrated using
the right and left wrists as an example, but could apply to
other portions of the body. At step 702 the P-wave (as classi-
fied by the electrocardiographic processing method described
above) is analyzed. If the amplitude of the P-wave is negative
(as depicted at 302 in FIG. 3a) or insignificant (as depicted at
312 in FIG. 3b), or biphasic and the first deflection is negative
(as depicted at 314 in FIG. 3¢), the method can move on to
step 706. As illustrated in FIG. 3, which illustrates an elec-
trocardiographic measurement that has been inverted due to
lead inversion, the P-wave 302 can have a negative amplitude.
In contrast, as illustrated in FIG. 2 (which illustrates a non-
inverted electrocardiographic measurement), the P-wave can
have a positive amplitude. If a positive P-wave is detected (in
other words, the P-wave amplitude is above a pre-determined
threshold), then the method can move to step 704 and a
determination can be made that the device is being worn on
the left wrist. Detecting a negative, or insignificant, or bipha-
sic P-wave with the first deflection negative may not in and of
itself be determinative of an inverted electrocardiographic
measurement. This can be due to various cardiovascular
pathologies wherein a certain portion of the human popula-
tion can have negative or insignificant P-waves as part of their
normal cardiac function. Therefore, if a negative or insignifi-
cant or a biphasic P-wave with first deflection negative is
detected, the method can move on to step 706.

[0032] At step 706, the magnitude of the R-wave can be
compared with the magnitude of the Q-wave and the S-wave.
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If the magnitude of the R-wave is less than the maximum
among the magnitudes of the Q-wave and S-wave, the method
can determine that the leads have been inverted. As illustrated
in FIGS. 3a-3¢ and as discussed above, when lead inversion
occurs, a processing algorithm can inaccurately identify the
Q, R, and S waves. As discussed above in reference to FIG. 3,
the algorithm may characterize the potential change at 304 as
the R-wave and the potential change at 306 as the S-wave. If
such a misclassification were to occur, the magnitude of the
R-wave will be less than the magnitude of the misclassified
S-wave. Under such a scenario, the method can determine
that the leads have been inverted. Alternatively, in the mea-
surement of FIG. 3, the potential change at 306 can be mis-
classified as the Q-wave, while the potential change at 308
can be misclassified as the R-wave. In such a scenario, the
magnitude of the R-wave will be less than the magnitude of
the Q-wave, and the method can determine that lead inversion
has occurred and that the device is being worn on the right
wrist at 708. If the magnitude ofthe R-wave is greater than the
maximum of the magnitudes of the Q-wave and the S-wave
then the method can move to 704 and can determine that the
device is being worn on the left wrist and that no lead inver-
sion has occurred.

[0033] The method illustrated in FIG. 7 can distinguish an
inverted electrocardiographic measurement from a non-in-
verted electrocardiogram measurement. It may not, however,
be able to determine which limb of the user the device is being
worn. It also may not be able to determine which limb of the
user is touching the negative electrode in order to acquire the
measurement. In a scenario in which the wearable device is
restricted to being worn on the wrist, the method described in
FIG. 7 may be adequate since it is known a priori that the
device is being worn on the wrist, and based on the determi-
nation of whether electrocardiographic reading is inverted or
not, the wrist the device is being worn on (left v. right) can
also beknown. Knowing the wrist or limb on which the device
is worn may also be useful for other biological measurements
performed by the device, for example blood pressure, tem-
perature or pulse transition time. However in a scenario in
which the wearable device is not restricted to being worn on
aparticular limb, the method of FIG. 7 may be prone to errors
since the electrocardiographic measurement shape and fea-
tures depends on which pair of limbs the measurement is
being taken from.

[0034] FIG. 8 illustrates additional electrocardiographic
lead configurations according to examples of the disclosure.
If the wearable device could be worn on any wrist or any leg
of the user’s body, then non-standard electrocardiographic
leads can be defined between the right leg and other limbs,
thereby expanding Finthoven’s triangle illustrated in FIG. 1
and explained above. As illustrated, Leads I, II, and III (108,
110, and 112) from FIG. 1 and discussed above can represent
different scenarios in which the device is worn on either the
left wrist, right wrist, or the left ankle. If the device can also be
worn on the right ankle, then a second triangle can be formed
with sides 802, 804 and 108.

[0035] Side 802 can represent a non-standard L.ead IV con-
figuration and can represent the potential difference between
the right ankle and the right wrist. The potential difference
could be measured, for instance, if the user was to wear the
device on their right ankle and touch with one of the right
hand fingers the negative electrode. This potential difference
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can be expressed as the difference between the voltages mea-
sured at the right ankle and the right wrist, for example, as
expressed in equation 7:

Vir=Ver—Vra @]

The potential difference between the right wrist and the left
ankle can also be expressed as:

“Vrr=VeaVar ®

if the device is worn on the right wrist and the right ankle is
touching the negative electrode of the device. Equations 7 and
8 thus can be inversions of one another. This can mean that
depending on which limb is wearing the device (right wrist or
right leg) or which electrode is the positive electrode and
which electrode is the negative electrode, the results can be
inverted with respect to one another.
[0036] The non-standard Lead V configuration (side 804)
can measure the potential difference between the right ankle
812 and the left wrist 810. This potential difference can be
expressed as the difference between the voltages measured at
the right ankle and the left wrist, for example, as expressed in
equation 9:

VimVerr—Via ©)]

The potential difference between the left wrist and the right
ankle can also be expressed as:

“Vv=Via~Var 10)
Equations 9 and 10 thus can be inversions of one another. This
can mean that depending on which electrode is the positive
electrode and which electrode is the negative electrode, the
results can be inverted with respect to one another.

[0037] The non-standard Lead VI configuration can mea-
sure the potential difference between the left ankle and the
right ankle, for example, as expressed in equation 11:

Ver=VirVer an

The potential difference between the right ankle and the left
ankle can also be expressed as:

—Vor=VarVir (12)

Equations 11 and 12 thus can be inversions of one another.
This can mean that depending on which electrode is the
positive electrode and which electrode is the negative elec-
trode, the results can be inverted with respect to one another.
The six Lead configurations as described for the purpose of
this disclosure can be summarized below in Table 1.

Positive Limb Representative

Lead (wearing limb) Negative Limb Equation

I Left wrist Right wrist V;=Vi4-Vau
I Left ankle Right wrist Vu=Vir-Vas
I Left ankle Left wrist Vur=Viz-Via
v Right ankle Right wrist Vir=Var-Va,
\' Right ankle Left wrist Vp=Var-Vi4
VI Left ankle Right ankle Vir=Vir—Var

[0038] Based on the mathematical relationships expressed
above in Table 1, it may not be necessary to record all six lead
configurations in order to ascertain the potential differences
expressed in the equations pertaining to each lead. For
examples Leads, I, Il and V can be measured as described
above. With these three measurements, and using Kirchhoft’s
rule, the potential differences for the Lead III, IV, and VI
configurations can be derived using the equations below:
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V=V Vr 13)
V=Vt Vy 14)
Vir=Vi-ViVy (15)
[0039] As an example, the potential difference that can be

obtained in the Lead III configuration can be derived by
obtaining measurements in the Lead I configuration and the
Lead I configuration and then subtracting the results from
each other. Equations 13, 14 and 15 illustrate that in order to
measure the potential difference in all six of the lead configu-
rations discussed above; one may only have to measure the
potential difference in three of the lead configurations and can
then derive the remaining potential differences for the
remaining lead configurations.

[0040] FIG. 9 illustrates another exemplary method for
detecting and correcting for lead inversion of an electrocar-
diographic measurement according to examples of the dis-
closure. The method illustrated in FIG. 9 can contain two
phases, an enrollment phase and a test phase. At step 902, the
device can determine if the enrollment phase (described
below) has been completed. Ifit is determined that the enroll-
ment phase has been completed, the method can move to the
beginning of the test phase which can begin at step 906. If the
user has not been enrolled, then the method can move to step
904 in order to enroll the user.

[0041] Enrolling the user can include taking a series of
electrocardiographic measurements in various lead configu-
rations when the user first uses the wearable device, in order
to create a database for the device to compare future acquired
electrocardiographic measurements against the measure-
ments stored in the database. The enrollment phase may only
need to be performed once per user of the device in order to
create the database that future acquired measurements can be
compared against.

[0042] FIG. 10 illustrates various enrollment phase lead
configurations according to examples of the disclosure. As
illustrated at 1002, as part of the enrollment phase, the device
can be worn in the Lead I configuration with the device on the
left wrist and the negative electrode making contact with a
finger of the right wrist. After the measurement has been
obtained in the Lead I configuration, the device can prompt
the user to wear the device in the Lead II configuration with
the device being worn on the left leg and a finger of the right
arm making contact with the negative electrode of the device,
as illustrated at 1004. After the measurement has been
obtained in the Lead II configuration, the device can prompt
the user to wear the device in the Lead V configuration with
the device being worn on the right leg and one of the fingers
of'the left arm making contact with the negative electrode, as
illustrated at 1006.

[0043] With these three measurements stored in the device,
the measurements for Lead 111, IV, and VI can be derived as
described above. Therefore at the end of the enrollment
phase, the device can have stored six different measurements,
one for each lead. A processor in the device can then calculate
the positions of the QRS complexes (or R waves) and can
compute an average template for each of the 6 leads by
overlapping and averaging the recorded beats in synchrony
with the R waves. A time scaling can be applied to normalize
each template lead to a given heart rate such as 60 bpm (beats
per minute) using the same principles used in QT interval
correction known in the art. A normalization in amplitude can
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also be applied. The 6 templates are stored for use in the
subsequent test (detection) phases.

[0044] Returning to the method illustrated at FIG. 9, once
the enrollment phase has been completed, the method can
then move to step 906 where an electrocardiographic mea-
surement can be acquired. Acquiring the electrocardio-
graphic measurement can include calculating the position of
the QRS complexes (or R waves) and computing an average
template for the recorded measurement by overlapping the
recorded beats in synchrony with the R waves. As in the
enrollment phase, a time scaling can be applied to normalize
the template for fluctuations in heart rate and amplitude nor-
malization can also be performed.

[0045] Once the electrocardiographic measurement has
been acquired at step 906, the method can move to step 908.
At step 908, the acquired electrocardiogram reading can be
compared to the six template readings acquired during the
enrollment phase. The comparison can include computing the
cross-correlations between the acquired and normalized mea-
surement acquired at step 906 and each of the six stored
templates acquired in the enrollment phase. In one example,
a cross-correlation factor ranging from -1 to +1 can be com-
puted for each of the six lead templates. The cross-correlation
factor can thus represent a measure of the correlation between
the acquired measurement and each of the six lead templates.
A correlation factor of -1 can mean the two signals are
inversely correlated with each other (i.e., one is the inversion
of' the other), while a correlation factor close to +1 can mean
that the two signals are nearly identical.

[0046] FIG. 11 illustrates an exemplary method for deter-
mining lead configuration and inversion according to
examples. The method illustrated in FIG. 11 can correspond
to step 908 and 910 of FIG. 9. At step 1102, correlation factors
between the acquired ECG signal and the six templates
acquired during the enrollment phase can be computed. At
step 1104 the maximum of the absolute values (max abs) of
the six computed correlation factors can be calculated. Once
the max abs correlation factor is determined, the method can
then move to step 1106 where a determination can be made as
to whether the max abs correlation factor was originally posi-
tive or negative. At step 1108, the method can determine that
the device is in the Lead configuration that produced the max
abs correlation factor, and based on the polarity of the corre-
lation factor can determine if the leads have been inverted. As
an example, if the acquired data produces the following set of
correlation factors corresponding to the Lead I-VI templates:

[0047] [+0.2, =0.5, -0.6, 0.9, +0.3, +0.1]

then the max abs of the set of correlations factors can be +0.9
which corresponds to the Lead IV template (i.e., the fourth
element of the matrix above). Thus, the method can determine
that the device is in the Lead IV configuration. Since the Lead
IV template produced a correlation factor of —0.9, the device
can determine that the leads are inverted. Referring to Table I,
aninverted Lead IV configuration can mean that the device is
being worn on the right wrist and the right ankle is touching
the negative electrode. If the device determines that the leads
are inverted, it can process the acquired data to correct for the
inversion.

[0048] One way the device can correct for a detected inver-
sion is to “flip” the data around the x-axis. In one example,
lead inversion can mean that the data is flipped about the
x-axis; in other words, when data is inverted, the negative
values appear as positive and the positive values appear as
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negative. Thus, correction can simply mean multiplying a
measured result by -1 in order to correct for the inversion.

[0049] Therefore, according to the above, some examples
of'the disclosure are directed to a device capable of measuring
electrocardiographic signals, the device comprising: a first
electrode configured to come into contact with a first portion
of the user’s body and configured to measure an electrical
potential at the first portion of the user’s body; a second
electrode configured to come into contact with a second por-
tion ofthe user’s body and configured to measure an electrical
potential at the second portion of the user’s body; and a
processor capable of: measuring a potential difference
between the first electrode and the second electrode; deter-
mining whether the first electrode and second electrode have
been inverted based on the measured potential difference
between the first electrode and the second electrode, wherein
determining whether the first electrode and second electrode
have been inverted includes identifying a P-wave, an R-wave,
a Q-wave, and an S-wave from the measured potential difter-
ence; and compensating the measured potential difference if
the first and second electrodes are determined to be inverted.
Additionally or alternatively to one or more of the examples
disclosed above, in some examples, determining whether the
first electrode and the second electrode have been inverted
further includes determining if the P-wave exhibits a charac-
teristic indicative of inversion of the first and second elec-
trodes. Additionally or alternatively to one or more of the
examples disclosed above, in some examples, determining
whether the first electrode and the second electrode have been
inverted further includes comparing an amplitude of the
R-wave to the maximum of the absolute values of the ampli-
tudes of the Q-wave and the S-wave, if the amplitude of the
P-wave is lower than a pre-determined threshold. Addition-
ally or alternatively to one or more of the examples disclosed
above, in some examples, the processor is further capable of
determining a location on the user’s body ofthe first electrode
and a location on the user’s body of the second electrode
based on the determination of whether the first electrode and
the second electrode have been inverted.

[0050] Some examples of the disclosure are directed to a
method of detecting and correcting lead inversion in an elec-
trocardiographic measurement, the method comprising: mea-
suring a potential difference between a first electrode and a
second electrode, the first electrode and second electrode
being in contact with a first portion and a second portion
respectively of a user’s body; determining whether the first
electrode and second electrode have been inverted based on
the measured potential difference between the first electrode
and the second electrode, wherein determining whether the
first electrode and second electrode have been inverted
includes identifying a P-wave, an R-wave, a Q-wave, and an
S-wave from the measured potential difference; and compen-
sating the measured potential difference if the first and second
electrodes are determined to be inverted. Additionally or
alternatively to one or more of the examples disclosed above,
in some examples, determining whether the first electrode
and the second electrode have been inverted further includes
determining if the P-wave exhibits a characteristic indicative
of inversion of the first and second electrodes. Additionally or
alternatively to one or more of the examples disclosed above,
in some examples, determining whether the first electrode
and the second electrode have been inverted further includes
comparing an amplitude of the R-wave to the maximum of the
absolute values of the amplitudes of the Q-wave and the
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S-wave, if the amplitude of the P-wave is lower than a pre-
determined threshold. Additionally or alternatively to one or
more of the examples disclosed above, in some examples, the
method further comprising determining a location on the
user’s body of the first electrode and a location on the user’s
body of the second electrode based on the determination of
whether the first electrode and the second electrode have been
inverted.

[0051] Some examples of the disclosure are directed to a
non-transitory computer readable storage medium having
stored thereon a set of instructions for detecting and correct-
ing lead inversion in an electrocardiographic measurement,
that when executed by a processor causes the processor to:
measure a potential difference between a first electrode and a
second electrode, the first electrode and second electrode
being in contact with a first portion and a second portion
respectively of a user’s body; determine whether the first
electrode and second electrode have been inverted based on
the measured potential difference between the first electrode
and the second electrode, wherein determining whether the
first electrode and second electrode have been inverted
includes identifying a P-wave, an R-wave, a Q-wave, and an
S-wave from the measured potential difference; and compen-
sate the measured potential difference if the first and second
electrodes are determined to be inverted. Additionally or
alternatively to one or more of the examples disclosed above,
in some examples, determining whether the first electrode
and the second electrode have been inverted further includes
determining if the P-wave exhibits a characteristic indicative
of'inversion of the first and second electrodes. Additionally or
alternatively to one or more of the examples disclosed above,
in some examples, determining whether the first electrode
and the second electrode have been inverted further includes
comparing an amplitude of the R-wave to the maximum of'the
absolute values of the amplitudes of the Q-wave and the
S-wave, if the amplitude of the P-wave is lower than a pre-
determined threshold. Additionally or alternatively to one or
more of the examples disclosed above, in some examples, the
method further comprising determining a location on the
user’s body of the first electrode and a location on the user’s
body of the second electrode based on the determination of
whether the first electrode and the second electrode have been
inverted.

[0052] Some examples of the disclosure are directed to a
device capable of measuring electrocardiographic signals, the
device comprising: a first electrode configured to come into
contact with a first portion of the user’s body and configured
to measure an electrical potential at the first portion of the
user’s body; a second electrode configured to come into con-
tact with a second portion of the user’s body and configured to
measure an electrical potential at the second portion of the
user’s body; and a processor capable of: measuring a poten-
tial difference between the first electrode and the second
electrode; determining whether the first electrode and the
second electrode have been inverted based on the measured
potential difference between the first electrode and the second
electrode, wherein determining whether the first electrode
and the second electrode have been inverted includes com-
paring the measured potential difference to a plurality of
electrocardiographic measurements stored in a memory of
the device. Additionally or alternatively to one or more of the
examples disclosed above, in some examples, the plurality of
electrocardiographic measurements are obtained in an enroll-
ment phase of the device, wherein during the enrollment



US 2016/0228025 Al

phase the first electrode and the second electrode are placed in
a plurality of known locations on the user’s body to generate
the plurality of electrocardiographic measurements. Addi-
tionally or alternatively to one or more of the examples dis-
closed above, in some examples, comparing the measured
potential difference to a plurality of electrocardiographic
measurements stored in a memory of the device includes
generating a cross-correlation factor between the measured
potential difference and each of the electrocardiographic
measurements stored in the memory of the device. Addition-
ally or alternatively to one or more of the examples disclosed
above, in some examples, the processor is further capable of
determining a location on the user’s body ofthe first electrode
and a location on the user’s body of the second electrode
based on the plurality of correlation factors generated.

[0053] Some examples of the disclosure are directed to a
method of detecting and correcting lead inversion in an elec-
trocardiographic measurement, the method comprising: mea-
suring a potential difference between a first electrode and a
second electrode, the first electrode and second electrode
being in contact with a first portion and a second portion
respectively of a user’s body; determining whether the first
electrode and the second electrode have been inverted based
on the measured potential difference between the first elec-
trode and the second electrode, wherein determining whether
the first electrode and the second electrode have been inverted
includes comparing the measured potential difference to a
plurality of stored electrocardiographic measurements; com-
pensating the measured potential difference if the first and
second electrodes are determined to be inverted. Additionally
or alternatively to one or more of the examples disclosed
above, in some examples, the plurality of electrocardio-
graphic measurements are obtained by placing the first elec-
trode and the second electrode in a plurality of known loca-
tions on the user’s body to generate the plurality of stored
electrocardiographic measurements. Additionally or alterna-
tively to one or more of the examples disclosed above, in
some examples, comparing the measured potential difference
to a plurality of electrocardiographic measurements includes
generating a cross-correlation factor between the measured
potential difference and each of the stored electrocardio-
graphic measurements of the plurality of stored electrocar-
diographic measurements. Additionally or alternatively to
one or more of the examples disclosed above, in some
examples, the method further comprises determining a loca-
tion on the user’s body of the first electrode and a location on
the user’s body of the second electrode based on the plurality
of correlation factors generated.

[0054] Some examples of the disclosure are directed to a
non-transitory computer readable storage medium having
stored thereon a set of instructions for detecting and correct-
ing lead inversion in an electrocardiographic measurement,
that when executed by a processor causes the processor to:
measure a potential difference between a first electrode and a
second electrode, the first electrode and second electrode
being in contact with a first portion and a second portion
respectively of a user’s body; determine whether the first
electrode and the second electrode have been inverted based
on the measured potential difference between the first elec-
trode and the second electrode, wherein determining whether
the first electrode and the second electrode have been inverted
includes comparing the measured potential difference to a
plurality of electrocardiographic measurements stored in a
memory; compensate the measured potential difference if the
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first and second electrodes are determined to be inverted.
Additionally or alternatively to one or more of the examples
disclosed above, in some examples, the plurality of electro-
cardiographic measurements are obtained by placing the first
electrode and the second electrode in a plurality of known
locations on the user’s body to generate the plurality of stored
electrocardiographic measurements. Additionally or alterna-
tively to one or more of the examples disclosed above, in
some examples, comparing the measured potential difference
to a plurality of electrocardiographic measurements includes
generating a cross-correlation factor between the measured
potential difference and each of the stored electrocardio-
graphic measurements of the plurality of stored electrocar-
diographic measurements. Additionally or alternatively to
one or more of the examples disclosed above, in some
examples, the method further comprises determining a loca-
tion on the user’s body of the first electrode and a location on
the user’s body of the second electrode based on the plurality
of correlation factors generated.
[0055] Although examples of this disclosure have been
fully described with reference to the accompanying drawings,
it is to be noted that various changes and modifications
including, but not limited to, combining features of different
examples, omitting a feature or features, etc., as will be appar-
ent to those skilled in the art in light of the present description
and figures.
What is claimed is:
1. A device capable of measuring electrocardiographic sig-
nals, the device comprising:
a first electrode configured to come into contact with a first
portion of the user’s body and configured to measure an
electrical potential at the first portion of the user’s body;
a second electrode configured to come into contact with a
second portion of the user’s body and configured to
measure an electrical potential at the second portion of
the user’s body; and
a processor capable of:
measuring a potential difference between the first elec-
trode and the second electrode;

determining whether the first electrode and second elec-
trode have been inverted based on the measured
potential difference between the first electrode and
the second electrode, wherein determining whether
the first electrode and second electrode have been
inverted includes identifying a P-wave, an R-wave, a
Q-wave, and an S-wave from the measured potential
difference; and

compensating the measured potential difference if the
first and second electrodes are determined to be
inverted.

2. The device of claim 1, wherein determining whether the
first electrode and the second electrode have been inverted
further includes determining if the P-wave exhibits a charac-
teristic indicative of inversion of the first and second elec-
trodes.

3. The device of claim 2, wherein determining whether the
first electrode and the second electrode have been inverted
further includes comparing an amplitude of the R-wave to the
maximum of the absolute values of the amplitudes of the
Q-wave and the S-wave, if the amplitude of the P-wave is
lower than a pre-determined threshold.

4. The device of claim 1, wherein the processor is further
capable of determining a location on the user’s body of the
first electrode and a location on the user’s body of the second
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electrode based on the determination of whether the first
electrode and the second electrode have been inverted.

5. A method of detecting and correcting lead inversion in an
electrocardiographic measurement, the method comprising:

measuring a potential difference between a first electrode

and a second electrode, the first electrode and second
electrode being in contact with a first portion and a
second portion respectively of a user’s body;
determining whether the first electrode and second elec-
trode have been inverted based on the measured poten-
tial difference between the first electrode and the second
electrode, wherein determining whether the first elec-
trode and second electrode have been inverted includes
identifying a P-wave, an R-wave, a Q-wave, and an
S-wave from the measured potential difference; and
compensating the measured potential difference if the first
and second electrodes are determined to be inverted.

6. The method of claim 5, wherein determining whether the
first electrode and the second electrode have been inverted
further includes determining if the P-wave exhibits a charac-
teristic indicative of inversion of the first and second elec-
trodes.

7. The method of claim 6, wherein determining whether the
first electrode and the second electrode have been inverted
further includes comparing an amplitude of the R-wave to the
maximum of the absolute values of the amplitudes of the
Q-wave and the S-wave, if the amplitude of the P-wave is
lower than a pre-determined threshold.

8. The method of claim 5, the method further comprising
determining a location on the user’s body ofthe first electrode
and a location on the user’s body of the second electrode
based on the determination of whether the first electrode and
the second electrode have been inverted.

9. A non-transitory computer readable storage medium
having stored thereon a set of instructions for detecting and
correcting lead inversion in an electrocardiographic measure-
ment, that when executed by a processor causes the processor
to:

measure a potential difference between a first electrode and

a second electrode, the first electrode and second elec-
trode being in contact with a first portion and a second
portion respectively of a user’s body;

determine whether the first electrode and second electrode

have been inverted based on the measured potential dif-
ference between the first electrode and the second elec-
trode, wherein determining whether the first electrode
and second electrode have been inverted includes iden-
tifying a P-wave, an R-wave, a Q-wave, and an S-wave
from the measured potential difference; and
compensate the measured potential difference if the first
and second electrodes are determined to be inverted.

10. The non-transitory computer readable storage medium
of claim 9, wherein determining whether the first electrode
and the second electrode have been inverted further includes
determining if the P-wave exhibits a characteristic indicative
of inversion of the first and second electrodes.

11. The non-transitory computer readable storage medium
of claim 10, wherein determining whether the first electrode
and the second electrode have been inverted further includes
comparing an amplitude of the R-wave to the maximum of the
absolute values of the amplitudes of the Q-wave and the
S-wave, if the amplitude of the P-wave is lower than a pre-
determined threshold.
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12. The non-transitory computer readable storage medium
of claim 9, the processor being further caused to determine a
location on the user’s body ofthe first electrode and a location
on the user’s body of the second electrode based on the
determination of whether the first electrode and the second
electrode have been inverted.
13. A device capable of measuring electrocardiographic
signals, the device comprising:
a first electrode configured to come into contact with a first
portion of the user’s body and configured to measure an
electrical potential at the first portion of the user’s body;
a second electrode configured to come into contact with a
second portion of the user’s body and configured to
measure an electrical potential at the second portion of
the user’s body; and
a processor capable of:
measuring a potential difference between the first elec-
trode and the second electrode;

determining whether the first electrode and the second
electrode have been inverted based on the measured
potential difference between the first electrode and
the second electrode, wherein determining whether
the first electrode and the second electrode have been
inverted includes comparing the measured potential
difference to a plurality of electrocardiographic mea-
surements stored in a memory of the device.

14. The device of claim 13, wherein the plurality of elec-
trocardiographic measurements are obtained in an enrollment
phase of the device, wherein during the enrollment phase the
first electrode and the second electrode are placed in a plu-
rality of known locations on the user’s body to generate the
plurality of electrocardiographic measurements.

15. The device of claim 13, wherein comparing the mea-
sured potential difference to a plurality of electrocardio-
graphic measurements stored in a memory of the device
includes generating a cross-correlation factor between the
measured potential difference and each of the electrocardio-
graphic measurements stored in the memory of the device.

16. The device of claim 15, wherein the processor is further
capable of determining a location on the user’s body of the
first electrode and a location on the user’s body of the second
electrode based on the plurality of correlation factors gener-
ated.

17. A method of detecting and correcting lead inversion in
an electrocardiographic measurement, the method compris-
ing:

measuring a potential difference between a first electrode
and a second electrode, the first electrode and second
electrode being in contact with a first portion and a
second portion respectively of a user’s body;

determining whether the first electrode and the second
electrode have been inverted based on the measured
potential difference between the first electrode and the
second electrode, wherein determining whether the first
electrode and the second electrode have been inverted
includes comparing the measured potential difference to
a plurality of stored electrocardiographic measure-
ments;

compensating the measured potential difference if the first
and second electrodes are determined to be inverted.

18. The method of claim 17, wherein the plurality of elec-
trocardiographic measurements are obtained by placing the
first electrode and the second electrode in a plurality of known
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locations on the user’s body to generate the plurality of stored
electrocardiographic measurements.

19. The method of claim 17, wherein comparing the mea-
sured potential difference to a plurality of electrocardio-
graphic measurements includes generating a cross-correla-
tion factor between the measured potential difference and
each of the stored electrocardiographic measurements of the
plurality of stored electrocardiographic measurements.

20. The method of claim 19, wherein the method further
comprises determining a location on the user’s body of the
first electrode and a location on the user’s body of the second
electrode based on the plurality of correlation factors gener-
ated.

21. A non-transitory computer readable storage medium
having stored thereon a set of instructions for detecting and
correcting lead inversion in an electrocardiographic measure-
ment, that when executed by a processor causes the processor
to:

measure a potential difference between a first electrode and

a second electrode, the first electrode and second elec-
trode being in contact with a first portion and a second
portion respectively of a user’s body;

determine whether the first electrode and the second elec-

trode have been inverted based on the measured poten-
tial difference between the first electrode and the second
electrode, wherein determining whether the first elec-

Aug. 11,2016

trode and the second electrode have been inverted
includes comparing the measured potential difference to
aplurality of electrocardiographic measurements stored
in a memory;

compensate the measured potential difference if the first
and second electrodes are determined to be inverted.

22. The non-transitory computer readable storage medium
of claim 21, wherein the plurality of electrocardiographic
measurements are obtained by placing the first electrode and
the second electrode in a plurality of known locations on the
user’s body to generate the plurality of stored electrocardio-
graphic measurements.

23. The non-transitory computer readable storage medium
of claim 21, wherein comparing the measured potential dif-
ference to a plurality of electrocardiographic measurements
includes generating a cross-correlation factor between the
measured potential difference and each of the stored electro-
cardiographic measurements of the plurality of stored elec-
trocardiographic measurements.

24. The non-transitory computer readable storage medium
of claim 23, wherein the method further comprises determin-
ing a location on the user’s body of the first electrode and a
location on the user’s body of the second electrode based on
the plurality of correlation factors generated.
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